In this article, we construct the axialvector-diquark-axialvector-antidiquark type currents to interpolate the scalar, axialvector, vector, tensor doubly charmed tetraquark states, and study them with QCD sum rules systematically by carrying out the operator product expansion up to the vacuum condensates of dimension 10 in a consistent way, the predicted masses can be confronted to the experimental data in the future. We can search for those doubly charmed tetraquark states in the Okubo-Zweig-Iizuka super-allowed strong decays to the charmed meson pairs.
Introduction
Recently, the LHCb collaboration observed the doubly charmed baryon Ξ = 3621.40 ± 0.72 ± 0.27 ± 0.14 MeV, but did not measure the spin [1] . The doubly heavy baryon configuration QQq is very similar to the heavylight mesonQq, where we have a doubly heavy diquark QQ instead of a heavy antiquarkQ in color antitriplet. The attractive interaction induced by one-gluon exchange favors formation of the diquarks in color antitriplet [2] , the favored configurations are the scalar (Cγ 5 ) and axialvector (Cγ µ ) diquark states [3, 4] . For the cc quark system, only the axialvector diquark ε ijk c indicates that there exists strong correlation between the two charm quarks. We can take the diquark ε ijk c T i Cγ µ c j as basic constituent to construct the spin
or the spin
to study the Ξ ++ cc with the QCD sum rules [5] . The doubly heavy tetraquark state QQqq ′ is very similar to the doubly heavy baryon state QQq, where we have a light antidiquarkqq ′ instead of a light quark q in color triplet. The observation of the Ξ ++ cc provides the crucial experimental input on the strong correlation between the two charm quarks, which may shed light on the spectroscopy of the doubly charmed tetraquark states. An axialvector doubly charmed diquark state can combine with an axialvector or scalar light antidiquark state to form a compact doubly charmed tetraquark state, it is interesting to revisit this subject with the QCD sum rules. The QCD sum rules is a powerful theoretical tool in studying the ground state hadrons, and has given many successful descriptions of the hadronic parameters on the phenomenological side [6, 7] . Up to now, no experimental candidates for the doubly charmed tetraquark states ccqq ′ or′cc have been observed. There have been several works on the doubly heavy tetraquark states, such as potential quark models [8, 9] , QCD sum rules [10, 11, 12] , heavy quark symmetry [13, 14] , lattice QCD [15, 16] , etc.
In previous work, we study the axialvector doubly heavy tetraquark states, which consist of an axialvector diquark ε ijk Q T j Cγ µ Q k and a scalar antidiquark ε ijkqT j γ 5 Cq ′ k , with the QCD sum rules in details by taking into account the energy scale dependence of the QCD spectral densities [17] . In this article, we choose the axialvector diquark ε ijk c T j Cγ µ c k and axialvector antidiquark ε ijkqT j γ µ Cq ′ k to construct the currents to interpolate the doubly charmed tetraquark states with the spin-parity J P = 0 + , 1 ± , 2 + , and study them with the QCD sum rules systematically by taking into account the contributions of the vacuum condensates up to dimension 10 in a consistent way in the operator product expansion.
The article is arranged as follows: we derive the QCD sum rules for the masses and pole residues of the doubly charmed tetraquark states in Sect.2; in Sect.3, we present the numerical results and discussions; and Sect.4 is reserved for our conclusion.
2 The QCD sum rules for the doubly charmed tetraquark states
In the following, we write down the two-point correlation functions Π 0 (p), Π µναβ;1 (p) and Π µναβ;2 (p) in the QCD sum rules,
The components 
where
In this article, we carry out the operator product expansion for the correlation functions Π 0 (p), Π µναβ;1 (p) and Π µναβ;2 (p) to the vacuum condensates up to dimension-10, and take into account the vacuum condensates which are vacuum expectations of the operators of the orders O(α k s ) with k ≤ 1 in a consistent way [18, 19, 20, 21, 22] , then we project out the components
on the QCD side, and obtain the QCD spectral densities through dispersion relation, Once the analytical expressions of the QCD spectral densities ρ 0 (s), ρ 1;A (s), ρ 1;V (s), ρ 2 (s) are obtained, we can take the quark-hadron duality below the continuum thresholds s 0 and perform Borel transform with respect to the variable P 2 = −p 2 to obtain the QCD sum rules,
We derive Eq.(14) with respect to τ = 1 T 2 , then eliminate the pole residues λ Z/Y to obtain the QCD sum rules for the masses of the doubly charmed tetraquark states,
3 Numerical results and discussions
We take the standard values of the vacuum condensates= −(0.24 ± 0.01 GeV) 3 , qg s σGq = m [24] . Moreover, we take into account the energy-scale dependence of the input parameters on the QCD side,
where t = log
, Λ = 213 MeV, 296 MeV and 339 MeV for the flavors n f = 5, 4 and 3, respectively [24] , and evolve all the input parameters to the optimal energy scales µ to extract the masses of the doubly charmed tetraquark states Z and Y .
In the article, we study the doubly charmed tetraquark states, the two charm quarks form an axialvector doubly charmed diquark state in color antitriplet, the axialvector doubly charmed diquark state serves as a static well potential and combines with an axialvector light antidiquark state in color triplet to form a compact tetraquark state. While in the hidden-charm tetraquark states, the charm quark c serves as a static well potential and combines with the light quark q to form a charmed diquark in color antitriplet, the charm antiquarkc serves as another static well potential and combines with the light antiquarkq ′ to form a charmed antidiquark in color triplet, then the charmed diquark and charmed antidiquark combine together to form a hidden-charm tetraquark state. The quark structures of the doubly charmed tetraquark states and hidden-charm tetraquark states are quite different.
In Refs. [18, 19, 20, 21, 22] , we study the acceptable energy scales of the QCD spectral densities for the hidden-charm (hidden-bottom) tetraquark states and molecular states in the QCD sum rules in details for the first time, and suggest an energy scale formula µ = M 2 X/Y /Z − (2M Q ) 2 to determine the optimal energy scales. The energy scale formula also works well in studying the hidden-charm pentaquark states [25] . The updated values of the effective heavy quark masses are M c = 1.82 GeV and M b = 5.17 GeV [26] . It is not necessary for the effective charm quark mass M c in the doubly charmed tetraquark states to have the same value as the one in the hiddencharm tetraquark states. In calculations, we observe that if we choose a slightly different value M c = 1.84 GeV, the criteria of the QCD sum rules can be satisfied more easily. We obtain the energy scale formula by setting the energy scale µ = V , the virtuality V (or bound energy not as robust) is defined by [19, 20] . In this article, we take into account the SU (3) breaking effect m s (µ) by subtracting the m s (µ) from the virtuality V ,
, where the numbers of the strange antiquarks in the doubly charmed tetraquark states are k = 0, 1, 2.
In this article, we take the continuum threshold parameters as
and vary the parameters √ s 0 to obtain the optimal Borel parameters T 2 to satisfy the following four criteria: 1. Pole dominance on the phenomenological side; 2. Convergence of the operator product expansion; 3. Appearance of the Borel platforms; 4. Satisfying the energy scale formula. The resulting Borel parameters or Borel windows T 2 , continuum threshold parameters s 0 , optimal energy scales of the QCD spectral densities, pole contributions of the ground states are shown explicitly in Table 1 . From Table 1 , we can see that the pole dominance can be well satisfied. The pole contributions PC are defined by
which decrease monotonously and quickly with increase of the Borel parameter T 2 , as the continuum contributions are depressed by the factor exp − s T 2 , large Borel parameter T 2 enhances the continuum contributions, the largest power of the QCD spectral densities ρ(s) ∝ s 4 , the convergent behaviors of the operator product expansion are not very good for the tetraquark states and molecular states. Furthermore, the pole contributions increase monotonously with increase of the threshold parameters s 0 , the uncertainties of the threshold parameters δ √ s 0 = ±0.1 GeV also lead to rather large variations of the pole contributions. So in the small Borel window
+ tetraquark states, the pole contributions vary in a rather large range, about (40 − 60)%. Although the pole contributions have rather large uncertainties, PC = (50 ± 10)% for the J P = (0/1/2) + tetraquark states and PC = (60 ± 10)% for the J P = 1 − tetraquark states, the pole dominance can be well satisfied, the predictions are reliable. On the other hand, if we choose larger energy scales µ, the pole contributions are enhanced, the pole contributions are less sensitive to the Borel parameter T 2 , however, we should determine the energy scales of the QCD spectral densities in a consistent way by using the energy scale formula.
In Fig.1 , we plot the absolute contributions of the vacuum condensates |D(n)| in the operator product expansion for the central values of the input parameters,
where the ρ n (s) are the QCD spectral densities for the vacuum condensates of dimension n. From the figure, we can see that the dominant contributions come from the perturbative terms (or D(0)) for the 1 − tetraquark states, the operator product expansion is well convergent, while in the case of the 0 + , 1 + and 2 + tetraquark states, the contributions of the vacuum condensates of dimension n = 6 are very large, but the contributions of the vacuum condensates of dimensions 6, 8, 10 have the hierarchy |D(6)| ≫ |D(8)| ≫ |D(10)|, the operator product expansion is also convergent.
We take into account all uncertainties of the input parameters, and obtain the values of the masses and pole residues of the doubly charmed tetraquark states Z and Y , which are shown explicitly in Table 1 
with k = 0, 1, 2 is also satisfied. Now the four criteria are all satisfied, we expect to make reliable predictions.
In Ref. [20] , we tentatively assign the Z c (4020/4025) to be the Cγ µ ⊗ γ ν C type hidden-charm axialvector tetraquark state, and choose the current, to study it with the QCD sum rules. In Ref. [17] , we choose the axialvector current J µ;cc (x),
to study the Cγ µ ⊗ γ 5 C type doubly charmed tetraquark state with the QCD sum rules. In this article, we choose the axialvector current J µν;ūd;1 (x),
to study the Cγ µ ⊗ γ ν C type doubly charmed tetraquark state.
In Fig.6 , we plot the masses of the Cγ µ ⊗γ ν C type axialvector tetraquark state ccud, Cγ µ ⊗γ 5 C type axialvector tetraquark state ccūd and Cγ µ ⊗ γ ν C type axialvector tetraquark state ccūd with variations of the Borel parameter T 2 for the energy scale µ = 1.3 GeV and continuum threshold parameter √ s 0 = 4.45 GeV. From the figure, we can see that the mass of the axialvector hiddencharm tetraquark state is 0.1 GeV larger than the ones of the corresponding axialvector doubly charmed tetraquark states, while the Cγ µ ⊗ γ 5 C type and Cγ µ ⊗ γ ν C type axialvector tetraquark states ccūd have almost degenerate masses. In Ref. [20] , we observe that the calculations based on the QCD sum rules support that the Z c (4020/4025) can be assigned to be the axialvector hiddencharm tetraquark state. So the Cγ µ ⊗ γ 5 C type and Cγ µ ⊗ γ ν C type axialvector tetraquark states ccūd have the masses about 3.9 GeV, the present predictions are reasonable. In Ref. [17] and present work, we observe that we can choose a universal effective c-quark mass M c = 1.84 GeV to determine the energy scales of the QCD spectral densities in a consistent way, which leads to the energy scale µ = 1.3 GeV for the QCD spectral density of the Cγ µ ⊗ γ 5 C type tetraquark state ccūd. If we choose a slightly different energy scale µ = 1.4 GeV (which corresponds to a non-universal value M c = 1.82 GeV) and a slightly different threshold parameter, we can obtain the lowest mass 3.85 ± 0.09 GeV, which is also shown in Table 1 in Ref. [17] . In this article, we prefer the universal effective c-quark mass M c = 1.84 GeV.
The centroids of the masses of the Cγ µ ⊗ γ ν C type tetraquark states are M Cγµ⊗γν C (ccūd) = M ccūd;0 + + 3M ccūd;1 + + 5M ccūd;2 + 9 = 3.92 GeV , M Cγµ⊗γν C (ccūs) = M ccūs;0 + + 3M ccūs;1 + + 5M ccūs;2 + 9 = 3.99 GeV , M Cγµ⊗γν C (ccss) = M ccss;0 + + 3M ccss;1 + + 5M ccss;2 + 9 = 4.04 GeV ,
which are slightly larger than the centroids of the masses of the corresponding Cγ µ ⊗ γ 5 C type tetraquark states,
so the ground states are the Cγ µ ⊗ γ 5 C type tetraquark states, which is consistent with our naive expectation that the axialvector (anti)diquarks have larger masses than the corresponding scalar (anti)diquarks. The lowest centroids M ccūd;0 + = 3.87 GeV and M ccūs;0 + = 3.94 GeV originate from the spin splitting, in other words, the spin-spin interaction between the doubly heavy diquark and the light antidiquark. In fact, the predicted masses have uncertainties, the centroids of the masses are not the super values, all values within uncertainties make sense. In Ref. [14] , Eichten and Quigg obtain the masses M = 4146 MeV, 4167 MeV and 4210 MeV for the Cγ µ ⊗ γ ν C type axialvector tetraquark states ccūd, ccūs and ccss respectively, which are about 0.20 − 0.25 GeV larger than the central values of the present predictions. For the Cγ µ ⊗ γ 5 C type axialvector tetraquark state ccūd, Eichten and Quigg obtain the mass M = 3978 MeV [14] , 
but the available phase spaces are very small, the decays are kinematically depressed, the doubly charmed tetraquark states with the J P = 0 + , 1 + and 2 + maybe have small widths. On the other hand, the doubly charmed tetraquark states with the J P = 1 − lie above the corresponding charmed meson pair thresholds, the decays to the charmed meson pairs are Okubo-Zweig-Iizuka super-allowed,
the available phase spaces are large, the decays are kinematically facilitated, the doubly charmed tetraquark states with the J P = 1 − should have large widths. We can search for the doubly charmed tetraquark states in those decay channels in the future. 
Conclusion
In this article, we construct the axialvector-diquark-axialvector-antidiquark type currents to interpolate the scalar, axialvector, vector, tensor doubly charmed tetraquark states, and study them with the QCD sum rules in a systematic way. In calculations, we carry out the operator product expansion up to the vacuum condensates of dimension 10 consistently, then obtain the QCD spectral densities through dispersion relation, and extract the masses and pole residues in the Borel windows at the optimal energy scales of the QCD spectral densities, which are determined by the energy scale formula with the refitted effective charm quark mass M c . In the Borel windows, the pole dominance is satisfied and the operator product expansion is well convergent, so we expect to make reliable predictions. We can search for those doubly charmed tetraquark states in the Okubo-Zweig-Iizuka super-allowed strong decays to the charmed-meson pairs in the future.
ρūd ;0 (s) = ρūs ;0 (s) | ms→0, ss →, sgsσGs → qgsσGq , ρūd ;1;A (s) = ρūs ;1;A (s) | ms→0, ss →, sgsσGs → qgsσGq , ρūd ;1;V (s) = ρūs ;1;V (s) | ms→0, ss →, sgsσGs → qgsσGq , ρūd ;2 (s) = ρūs ;2 (s) | ms→0, ss →, sgsσGs → qgsσGq ,
ρss ;0 (s) = ρūs ;0 (s) | ms→2ms,→ ss , qgsσGq → sgsσGs , ρss ;1;A (s) = ρūs ;1;A (s) | ms→2ms,→ ss , qgsσGq → sgsσGs , ρss ;1;V (s) = ρūs ;1;V (s) | ms→2ms,→ ss , qgsσGq → sgsσGs , ρss ;2 (s) = ρūs ;2 (s) | ms→2ms,→ ss , qgsσGq → sgsσGs , 
